Pancreatic cancer remains a major health problem with a 5-year survival rate of \<5% ([@bib26]). Although surgical resection is effective for the treatment of pancreatic cancer at an early stage, more than 80% of pancreatic cancer patients are diagnosed at a late stage when curative surgical treatment is not possible. The poor prognosis of pancreatic cancer mainly results from early invasion of cancer cells to adjacent tissues and metastasis ([@bib26]). Therefore, novel therapeutic approaches preventing cancer cell invasion and metastasis is highlighted for pancreatic cancer treatments.

It has been reported that Smad7 antagonised transforming growth factor-*β* (TGF-*β*) signalling through several mechanisms, including binding to the T*β*RI receptor complex and competitively inhibiting phosphorylation of R-Smads, recruiting phosphatases that dephosphorylate and inactivate the receptor complex, and activating the catalytic activity of Smurf ubiquitin ligases, leading to ubiquitylation of T*β*RI ([@bib8]; [@bib6]; [@bib3]; [@bib25]). Studies have shown that Smad7 inhibited invasion and metastasis of cancer cells triggered by TGF-*β*1 ([@bib8]; [@bib6]; [@bib3]; [@bib25]). For example, adenoviral delivery of Smad7 to metastatic breast carcinoma cells led to a significant inhibition of cancer metastasis in xenografted mice ([@bib2]). Moreover, Smad7 overexpression delayed the establishment and growth of melanoma in bone tissues in a mouse model ([@bib10]). In our previous study, we found that reduced expression of Smad7 correlated with lymph node metastasis, liver metastasis after surgery, and a poor survival rate of pancreatic cancer patients ([@bib33]), suggesting that aberrant Smad7 expression contributes to invasion and metastasis of pancreatic cancer. However, the potential mechanism underlying aberrant Smad7 expression in human pancreatic cancer remained unknown.

MicroRNAs (miRNAs) are a class of small (∼22-nt), non-coding, RNA molecules that function in the post-transcriptional regulation of gene expression. These molecules downregulate protein expression by binding to partially complementary sequences in mRNAs and degrading and/or inhibiting mRNA translation ([@bib13]). Increasing evidence suggests that aberrant miRNA expression is involved in invasion and metastasis of pancreatic cancer ([@bib22]; [@bib31]). Given the critical role of Smad7 in invasion and metastasis of pancreatic cancer, we hypothesise that Smad7 is regulated by miRNA(s) at the post-transcriptional level. In the present study, we identified a miRNA, miR-367, that regulated Smad7 expression in human pancreatic cancer cells. We also found that miR-367 promoted invasion and metastasis of pancreatic cancer cells through direct regulation of Smad7 and the downstream TGF-*β* signalling.

Materials and Methods
=====================

Patients and clinical specimens
-------------------------------

Human pancreatic cancer samples were collected from 65 patients after surgical resection at Huashan Hospital, Fudan University, Shanghai, China, from January 2003 to December 2005. Written informed consent was obtained from the patients, in accordance with the institutional guidelines, before sample collection, and the study was approved by the Committees for the Ethical Review of Research at the Fudan University Shanghai Cancer Center. All of the patients underwent macroscopically curative resection. Resected primary tumours and lymph nodes were histologically examined by haematoxylin and eosin staining using the tumour-node-metastasis classification system. Histologically, all of the tumours were invasive ductal adenocarcinomas. None of the patients had received neoadjuvant radio/chemotherapy. Fresh-frozen and/or formalin-fixed paraffin-embedded samples were used for miR-367 and Smad7 expression analysis. Laser Microdissection approach to separate the epithelial tumour cell from surrounding microenvironment was performed on 65 samples from pancreatic ductal adenocarcinoma (PDAC) patients. The patients\' characteristics are listed in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}.

Cell lines and mice
-------------------

The human pancreatic cancer cell lines PANC-1 and BxPC3 were obtained from the American Type Culture Collection (Manassas, VA, USA) and grown in complete growth medium as recommended by the manufacturer. The cancer cells were maintained in a humidified 5% CO~2~ atmosphere at 37 °C. All cell lines were regularly authenticated by checking their morphology and confirming the absence of mycoplasma contamination (MycoAlert, Lonza, Rockland, ME, USA).

Male NOD/SCID mice (5-week-old) were obtained from the Shanghai Institute of Materia Medica, Chinese Academy of Sciences (Shanghai, China), and housed in laminar flow cabinets under specific pathogen-free conditions with food and water *ad libitum*. All mouse experiments were conducted in accordance with the guidelines of the NIH for the Care and Use of Laboratory Animals. The study protocol was approved by the Committee on the Use of Live Animals in Teaching and Research, Fudan University, Shanghai.

RNA isolation
-------------

Total RNA was isolated from freshly frozen tissue samples and cell lines using TRIzol Reagent (Invitrogen, San Diego, CA, USA) and small RNA enrichment was conducted using a mirVana miRNA isolation kit (Ambion Inc., Austin, TX, USA), according to the manufacturers\' instructions as described previously ([@bib16]).

qRT--PCR assays
---------------

Real-time PCR was performed to evaluate the level of miR-367 using specific TaqMan primers through the determination and comparison of mean *C*~T~ values. Briefly, 2 *μ*l aliquot of enriched small RNAs from cells or cancer tissues were reverse transcribed to cDNA using the TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems, San Diego, CA, USA) according to the manufacturer\'s protocol. Then 2 *μ*l cDNA was used as a template for the quantitative PCR amplification. Quantitative PCR reaction was performed using 10 *μ*l TaqMan Universal Master Mix (2 × ; Applied Biosystems), 1 *μ*l gene-specific primers/probe, and nuclease-free H~2~O in a final volume of 20 *μ*l. No-template controls were included in both steps to ensure target-specific amplification. Quantitative PCR was run on a 7500 HT quantitative PCR machine (Applied Biosystems). The *C*~T~ values of different samples were compared using the ΔΔ*C*~T~ method as previously described ([@bib7]). Semi-quantitative real-time RT--PCR using SYBR Green I was performed to compare the relative expression levels of specific mRNAs as previously described ([@bib16]).

Oligonucleotide transfection
----------------------------

For transfection experiments, miRNA duplexes corresponding to the indicated miRNAs were designed as previously described ([@bib17]). The negative control (NC) RNA duplexes for the miRNA mimics and the small-interfering RNAs (siRNAs) were not homologous to any known human gene sequences. The siRNAs were designed to target the human Smad7 transcript (GenBank Access No: NM_001190821). All RNA oligoribonucleotides were purchased from Genepharma (Shanghai, China). The sequences were as follows: miR-367 mimics, 5′-UAGCUUAUCAGACUGAUGUUGA-3′ and 5′-AACAUCAGUCUGAUAAGCUAUU-3′ NC, 5′-UUCUCCGAACGUGUCACGUTT-3′ and 5′-ACGUGACACGUUCGGAGAATT-3′ Smad7 siRNA, 5′-GGTGGCCTTGTGATCAATGAAACT-3′ (sense); Anti-miR-367 (an inhibitor of miR-367), 5′-UCAACAUCAGUCUGAUAAGCUA-3′ Anti-miR-C (used as a NC for anti-miR-367 in the antagonism experiment), 5′-GUGGAUAUUGUUGCCAUCA-3′. The oligonucleotide transfection was performed using the Lipofectamine 2000 reagent (Invitrogen). Fifty nanomoles per litre of RNA duplex were used for each transfection.

Lentivirus transduction
-----------------------

Lentivirus with miR-367 overexpressing vector was purchased from GenePharma (Shanghai, China; LV3-pGLVH1/GFP+Puro vector, D06003). Infection of the lentivirus into PANC-1 and BxPC3 cells was conducted under the instruction of GenePharma Recombinant Lentivirus Operation Manual (GenePharma). At 72 h after lentivirus infection, GFP-positive cells were sorted by flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA) to select for cells with stable expression of miR-367.

Vector constructs
-----------------

To generate the Smad7 expression vector, the open reading frame of the human Smad7 gene was amplified and cloned into the pcDNA3.0 vector. Luciferase constructs were generated by ligating oligonucleotides containing the wild type or mutant putative target site of the Smad7 3′-UTR into the Psi-CHECK2 vector (Promega) downstream of the luciferase gene.

Luciferase assay
----------------

HEK293 and PANC-1 cells were co-transfected with 80 ng luciferase reporter plasmid, 40 ng pRL-TK-Renilla-luciferase plasmid (Promega, Madison, WI, USA), and the indicated RNAs (final concentration: 20 nM). Twenty-four hours after transfection, firefly and Renilla luciferase activities were measured using a Dual-Luciferase assay kit (Promega). Each transfection was performed in triplicate and repeated twice.

Migration and invasion assay
----------------------------

Cell migration and invasion were evaluated using Transwell cell migration plates (Corning Inc., Corning, NY, USA) and Matrigel invasion chambers (Matrigel-coated membrane, BD Biosciences). Cells (1.0 × 10^4^) were seeded in serum-free medium into the upper chamber and allowed to invade towards 10% FCS in the lower chamber as a chemoattractant. After 8 h (for migration assays without Matrigel coating) or 48 h (for invasion assays with matrigel coating), the cells that invaded through the membrane and adhered to the underside of the membrane were counted as previously described ([@bib32]).

Experimental metastasis assay
-----------------------------

An *in vivo* metastasis model was established as previously described ([@bib31]). Briefly, NOD/SCID mice were anaesthetised with chloral hydrate; the spleen was exposed; and pancreatic cancer cells (2 × 10^6^/0.2 ml PBS) were injected into the spleen with a syringe. The spleen was then returned to abdomen, and the wound was closed in one layer with wound clips. Eight weeks after injection, the mice were grossly examined at necropsy for metastases in the livers. We then counted the number of metastatic colonies in one histological section of the midportion of each liver specimen. Tumour metastasis in the livers was evaluated based on the ratio of metastatic area to the total area on histological sections examined ([@bib31]). The ratio of the metastatic area to the total area was calculated with Adobe Photoshop version 7.0 (Adobe Systems) and Image J version 1.29 (National Institutes of Health) software. The results are expressed as percentages.

Western blot analysis
---------------------

Western blot analysis was performed as described in our previous report ([@bib32]). Briefly, proteins were extracted from the cultured cells and quantified using the bicinchoninic acid assay kit (Pierce, Rockford, IL, USA) with BSA as a standard. Equal amounts of protein from different cells were separated by 10% SDS--PAGE and transferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). The membranes were blocked with 5% non-fat milk and incubated with primary antibodies. The target proteins were detected using an enhanced chemiluminescence kit (Amersham Pharmacia Biotech, Uppsala, Sweden). The following primary antibodies were used: anti-Smad7, anti-Smad2, anti-Smad3, anti-Smad4, anti-E-cadherin, anti-Vimentin, anti-a-SMA, anti-Desmin (Epitomics), anti-phosphorylated Smad2/3 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), and anti-GAPDH (ProteinTech Group, Inc., Chicago, IL, USA).

Immunofluorescence
------------------

Cells were fixed with 4% paraformaldehyde. The cells were then incubated with anti-Vimentin (1 : 200) and anti-E-cadherin (1 : 100) at 4 °C overnight, and then incubated with fluorescence-conjugated secondary antibody for 1 h. Finally, the cells were washed and mounted with mounting medium containing DAPI (Vector Laboratories, Burlingame, CA, USA). A NC in which the primary antibody was omitted was used to test for antibody specificity. Images were captured using a nonconfocal Leica fluorescence microscope.

Statistical analysis
--------------------

All results were expressed as the mean±s.d. The ANOVA and Student\'s *t*-tests were used to analyse significant differences between samples. The correlation between miR-367 and Smad7 expression levels was determined by calculating the Spearman correlation coefficient. Overall survival was defined as the interval between the dates of surgery and death. The Kaplan--Meier method was used to compare overall survival among patients in different groups, and the log-rank test was used to estimate differences in survival. A *P* value less than 0.05 was considered to be statistically significant.

Results
=======

Identification of miR-367 as a negative regulator of Smad7 in human pancreatic cancer
-------------------------------------------------------------------------------------

Three miRNA target prediction programmes, miRanda, TargetScan, and PicTar, were used to identify miRNA(s) that may be involved in the regulation of Smad7. Only miRNA target pairs, which bind to the same region in the target 3′-UTR sequence based on all three programmes, were selected in follow-up experiments ([@bib34]). We found that 12 miRNAs including miR-96, −182, −20a, −106a, 367, −32, −25, −195, −15, −16, −21, and −181a had a potential binding site in the 3′-UTR of Smad7 ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). To investigate the roles of these predicted miRNAs in Smad7 expression, the miRNA mimics were co-transfected with a luciferase reporter construct containing wild-type Smad7 3′-UTR. As shown in [Figure 1A](#fig1){ref-type="fig"}, transfection with miR-106a, −367, −21, and −181a mimics downregulated luciferase activity compared with transfection with a NC, suggesting that these four miRNAs are potential regulators of Smad7. Previous studies have shown that miR-106, -21, and -181a regulated the expression of Smad7 ([@bib18]; [@bib24]; [@bib27]; [@bib30]). However, the association between Smad7 and miR-367, which caused significant downregulation of luciferase activity, remains unknown. Therefore, we investigated the role of miR-367 in Smad7 expression in the present study. We co-transfected miR-367 mimics or inhibitors with a luciferase reporter construct containing the wild-type Smad7 3′-UTR into human pancreatic cancer cell line PANC1. We found that miR-367 mimics inhibited luciferase activity in PANC1 cells in a dose-dependent manner. Conversely, the miR-367 inhibitor induced luciferase activity ([Figure 1B](#fig1){ref-type="fig"}). Next, we used a lentiviral infection system to establish PANC-1 and BxPC3 transfectants that stably expressed miR-367 ([Supplementary Figure 1A,B](#sup1){ref-type="supplementary-material"}). We found that miR-367 overexpression significantly suppressed expression of Smad7 at both mRNA and protein levels ([Figure 1C](#fig1){ref-type="fig"}). In addition, inhibition of endogenous miR-367 using a synthetic miR-367 inhibitor significantly increased Smad7 expression ([Figure 1D](#fig1){ref-type="fig"} and [Supplementary Figure 1C](#sup1){ref-type="supplementary-material"}). We then performed qRT--PCR assay to determine the expression levels of miR-367 and Smad7 in 10 human pancreatic cancer specimens. As expected, miR-367 expression was negatively associated with Smad7 mRNA level (*r*=−0.674, P=0.033; [Figure 1E](#fig1){ref-type="fig"}). We also evaluated the effects of the three other miRNAs including miR-21, -106a, and -181a on Smad7 expression in pancreatic cancer cells. We found that miR-21 and miR-106a mimics also inhibited luciferase activity and suppressed the expression of Smad7 at mRNA and protein levels in PANC1 cells ([Supplementary Figure 2A, B](#sup1){ref-type="supplementary-material"}). In addition, the levels of miR-21 and miR-106a negatively correlated with Smad7 mRNA level in PDAC patients ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). However, no significant regulatory effects of miR-181a on Smad7 expression were found in tested pancreatic cancer cells ([Supplementary Figures 2 and 3](#sup1){ref-type="supplementary-material"}).

miR-367 downregulated Smad7 expression by directly targeting its 3′-UTR
-----------------------------------------------------------------------

Next, we determined whether Smad7 was a direct target of miR-367. Using the three miRNA target prediction programmes, we found that the 3′-UTRs of Smad7 mRNAs contain conserved miR-367-binding sites, which is highly conserved among humans, chimpanzees, mice, rats, and dogs ([Figure 2A](#fig2){ref-type="fig"}). A dual-luciferase reporter system was used to investigate whether miR-367 directly regulates Smad7 in pancreatic cancer ([Figure 2B](#fig2){ref-type="fig"}). We found that miR-367 expression significantly suppressed the firefly luciferase reporter activity of the wild-type Smad7 3′-UTR luciferase construct but not the mutant Smad7 3′-UTR luciferase construct. These results were obtained from both HEK293 cells and the pancreatic cancer cell line PANC-1 ([Figure 2C](#fig2){ref-type="fig"}), suggesting that miR-367 suppresses Smad7 expression through directly targeting the miRNA-binding site in the Smad7 3′-UTR.

miR-367 expression correlated with the prognosis of PDAC
--------------------------------------------------------

Given that miR-367 negatively regulated Smad7, and low expression of Smad7 correlated with poor prognosis in PDAC patients ([@bib33]), we next investigated whether miR-367 expression correlated with the prognosis of PDAC. The expression of miR-367 in 65 paraffin-embedded samples of PDAC tissues was evaluated using TaqMan quantitative real-time PCR. Kaplan--Meier analysis demonstrated that the median survival time of PDAC patients with low and high expression of miR-367 was 32.6 and 15.1 months, respectively (log-rank=8.955, *P*=0.003, [Figure 3A](#fig3){ref-type="fig"}). In addition, miR-367 expression in the cancer tissues with negative Smad7 expression was significantly higher than those with positive Smad7 expression, suggesting a negative correlation between miR-367 and Smad7 expressions ([Figure 3B](#fig3){ref-type="fig"}).

miR-367 promoted the invasion and metastasis of pancreatic cancer cells
-----------------------------------------------------------------------

We next evaluated the potential role of miR-367 in the growth of pancreatic cancer cells. We found that miR-367 overexpression had no significant effects on pancreatic cancer cell proliferation *in vitro* ([Supplementary Figure 4A, B](#sup1){ref-type="supplementary-material"}). However, miR-367 promoted the migration and invasion of PANC-1 and BxPC3 cells ([Figure 4A, B](#fig4){ref-type="fig"}). Furthermore, loss-of-function studies showed that silencing miR-367 with an inhibitor suppressed the migration and invasion of cancer cells ([Figure 4C](#fig4){ref-type="fig"}). To further investigate the effects of miR-367 overexpression on PDAC metastasis *in vivo*, we compared the metastatic nodules formed in the livers of NOD/SCID mice that were injected with tumour cells infected with either a miR-367-expressing lentiviral vector or an empty lentiviral vector. We found that both the control and miR-367-infected cells caused tumours after implanted into the spleen. miR-367 has little effects on the growth of spleen-implanted tumours ([Supplementary Figure 4C](#sup1){ref-type="supplementary-material"}), although tumours cells infected with miR-367-expressing lentiviral vector downregulated Smad7 expression ([Supplementary Figure 4D](#sup1){ref-type="supplementary-material"}). However, the mice injected with miR-367-overexpressing cells had increased numbers of liver metastatic colonies and an increased ratio of metastatic area to total area ([Figure 4D](#fig4){ref-type="fig"}) compared with mice injected with control cells. We additionally evaluated the effects of the other three miRNAs on cell invasion and found that miR-21 and -106a overexpression promoted PANC1 invasion, whereas miR-181a had no such effects ([Supplementary Figure 5A, B](#sup1){ref-type="supplementary-material"}). Taken together, these findings suggest that miR-367 promoted pancreatic cancer cell invasion and metastasis.

Smad7 mediated the invasion-promotion function of miR-367 in pancreatic cancer cells
------------------------------------------------------------------------------------

To better understand the potential role of Smad7 in miR-367-mediated tumour invasion and metastasis, we explored the biological functions of Smad7 in human pancreatic cancer cells by transfecting PANC-1 and BxPC3 cells with a Smad7 siRNA. Our results showed that knockdown of endogenous Smad7 by siRNA significantly promoted the migration and invasiveness of PDAC cells ([Figure 5A](#fig5){ref-type="fig"}). This phenotype was similar to the effects induced by miR-367 overexpression. Then, we found that reintroduction of Smad7 without 3′-UTR into cancer cells led to constitutive expression of Smad7 without the binding site for miR-367. We found that transfection with Smad7 without 3′-UTR significantly abrogated the increased migration and invasion of PANC1 cells induced by miR-367 ([Figure 5B](#fig5){ref-type="fig"}). Finally, co-transfection with anti-miR-367 and siSmad7 also showed that miR-367 silence could not repress the invasion in Smad7-depleted pancreatic cancer cells ([Figure 5C](#fig5){ref-type="fig"}). Therefore, these results suggest that Smad7 mediated the invasion-promotion function of miR-367 in pancreatic cancer cells, and Smad7 was a functional target of miR-367.

miR-367 promoted epithelial-to-mesenchymal transition (EMT) by increasing TGF-*β*-induced transcriptional activity
------------------------------------------------------------------------------------------------------------------

The TGF-*β* signalling pathway is involved in cell invasiveness and metastasis by inducing EMT ([@bib32]). Smad7 is a common inhibitory Smad that inhibits signal transduction triggered by TGF-*β*s, activins, and BMPs ([@bib8]; [@bib6]; [@bib3]; [@bib25]). Therefore, we investigated the effects of miR-367 on TGF-*β* signalling activity and EMT in PDAC cells. We found that miR-367 overexpression did not significantly alter the expressions of Smad2, Smad3, and Smad4 in PANC1 cells. However, miR-367 overexpression increased phosphorylated Smad2/3 upon TGF-*β*1 stimulation ([Figure 6A](#fig6){ref-type="fig"}). To determine whether increased Smad2/3 phosphorylation induced by miR-367 overexpression increased the promoter activity of TGF-*β*, PANC1 cells were transfected with TGF-*β* responsive p3TP-luciferase construct. Transfection with miR-367 in PANC1 cells significantly increased the luciferase activity, whereas transfection with Smad7 without 3′-UTR significantly abrogated the TGF-*β* signalling activity induced by miR-367 ([Figure 6B](#fig6){ref-type="fig"}). EMT, in response to TGF-*β*1, is phenotypically characterised by downregulation of a number of epithelial markers and upregulation of several mesenchymal markers ([@bib23]). In the present study, we found that miR-367 overexpression loosed cell contact, resulted in spindle-shaped morphology, reduced the expression of E-cadherin (an epithelial marker), and increased the expression of vimentin, a-SMA, and desmin (mesenchymal markers). However, transfection of Smad7 without 3′-UTR significantly abrogated the EMT induced by miR-367 ([Figure 6C](#fig6){ref-type="fig"}). Therefore, these results suggest that miR-367 promoted EMT by increasing TGF-*β*-induced transcriptional activity.

Discussion
==========

In our previous study, we found that Smad7 expression was associated with metastasis and prognosis of pancreatic duct adenocarcinoma. We showed that low level expression of Smad7 correlated with lymph node metastasis, liver metastasis after surgery, and a poor survival rate in pancreatic cancer patients, suggesting that aberrant Smad7 expression contributes to invasion and metastasis of pancreatic cancer cells. Here, we identified a miRNA, miR-367, and showed that miR-367 was involved in invasion and metastasis of pancreatic cancer cells by regulating Smad7 expression

Smad7 is a general inhibitory Smad that inhibits signal transduction triggered by TGF-*β* ([@bib8]; [@bib6]; [@bib3]; [@bib25]). Given that TGF-*β* signalling has two opposite roles in tumour progression and metastasis, depending on the stage of carcinogenesis and the responsiveness of tumour cells ([@bib1]; [@bib29]), Smad7 may act as a tumour-proliferation-promoting factor or a metastasis suppressor in human cancers. Previous studies have shown that the degree of Smad7 expression correlated with poor survival rates and more aggressive and invasive tumour behaviours in malignant follicular thyroid carcinomas, colorectal carcinomas, gastric carcinomas, and esophagus carcinomas ([@bib4]; [@bib5]; [@bib14]; [@bib21]). In addition, it has also been reported that Smad7 inhibited invasion and metastasis of xenografted breast cancer in mice ([@bib2]). Stable overexpression of Smad7 in human melanoma cells inhibited the metastasis of cancer in bone tissues ([@bib11]). Therefore, the effect of Smad7 on cancer cell behaviours is dependent on the cancer cell responses to the TGF*-β*/Smads signalling. In introductory studies, they have shown that in few pancreatic cancer cell lines growth was inhibited by TGF-*β*. In addition, the growth of most pancreatic cancer cell lines, including PANC-1, BxPC3, CF-Pac1, PT45, Hs766T, were not inhibited by TGF-*β* ([@bib15]; [@bib20]; [@bib28]). Although pancreatic cancer cells are not highly sensitive to TGF-*β*-induced growth inhibition, TGF-*β* signalling may not be completely abrogated in pancreatic cancer cells. The TGF-*β* signalling pathway is still functional, and TGF-*β* serves as a tumour progression factor ([@bib23]). Therefore, in our previous study, we evaluated the effects of Smad7 in human pancreatic cancer and found that low expression of Smad7 correlated with lymph node metastasis, liver metastasis, and shortened survival time, suggesting that Smad7 is an invasion- and metastasis-suppressing factor. In the present study, functional studies further confirmed that Smad7 inhibited migration and invasion of pancreatic cancer cells, and Smad7 may serve as a therapeutic target to prevent pancreatic cancer invasion and metastasis.

MiRNAs regulate the expression of target genes at post-transcriptional level. They degrade mRNAs and/or inhibit their translation by binding to partially complementary sequences in mRNAs, thereby downregulating protein expression ([@bib13]). Recent study suggests that dysregulation of miRNAs is involved in many types of human diseases, including cancers ([@bib9]). For example, the function of mediating metastasis of pancreatic cancer has been assigned to dysregulated miRNAs ([@bib22]; [@bib31]). Our previous study has also demonstrated that dysregulated Smad7 was associated with tumour metastasis and poor prognosis of pancreatic cancer ([@bib33]). Whether Smad7 is posttranscriptionally regulated by miRNAs remains unclear. Therefore, in the present study, we aimed to identify miRNA(s) involved in the regulation of Smad7. We predicted miRNAs targeting Smad7 using miRNA prediction programmes followed by a luciferase reporter assay and identified four miRNAs that could regulate Smad7 among which, miR-106, -21, and -181 have been reported to directly regulate Smad7 by targeting its 3′-UTR. For miR-21 and miR-181c, both have been reported to enhance TGF-*β*1-induced EMT by targeting Smad7 in human cancers. Therefore, we focused on miR-367 that showed significant suppressing effects on luciferase activity of Smad7 3′-UTR, which had never been reported for regulating Smad7 or affecting pancreatic cancer cell invasion. Our results confirmed \*\*that miR-367 downregulated Smad7 expression in pancreatic cancer cells by directly targeting its 3\'-UTR. In addition, as Smad7 has been shown to inhibit invasion of pancreatic cancer cells, we then showed that miR-367 promotes invasion and metastasis of human pancreatic cancer cells through regulating on the expression of Smad7. Therefore, we identifies an important miRNA, miR-367, that targets Smad7 and, thereby, promote pancreatic cancer invasion and metastasis.

Smad7 may negatively regulate the transcription of target gene induced by TGF-*β*. Previous studies have reported that the TGF-*β* signalling pathway contributed to cell invasion and metastasis by inducing EMT, an important process observed in the invasion and metastasis of pancreatic cancer cells ([@bib19]; [@bib12]). In the present study, we also evaluated the effects of miR-367 on TGFb/Smads signalling and EMT. We confirmed that miR-367 induced EMT by increasing TGF-*β*-induced transcriptional activity. Taken together, miR-367 induced EMT and promoted invasion and metastasis of pancreatic cancer cells through the regulation of Smad7 expression and the TGF-*β* pathway.

In conclusion, we identified and characterised the miR-367-Smad7-TGFb pathway, which is involved in invasion and metastasis of pancreatic cancer cells. Based on our results, miR-367 may act as a therapeutic target for the treatment of human pancreatic cancer, especially cancers with high potential of invasion and metastasis.
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![**Identification of miR-367 as a negative regulator of Smad7 in human pancreatic cancer cells.** (**A**) HEK293 cells were co-transfected with the negative control (NC) or miRNA mimics and the luciferase reporter construct containing the wild-type Smad7 3′-UTR. The results were normalised to the luciferase activity detected in hek293 cells transfected with the NC, and the luciferase activity of the NC was set to 1. NS, not significant. Statistical significance was evaluated using ANOVA test. \**P*\<0.05. (**B**) Mimics (20, 40, and 60 nM) or inhibitors (60, 80, and 100 nM) of miR-367 were co-transfected into PANC-1 cells with the luciferase reporter construct containing the wild-type Smad7 3′-UTR. A scrambled mimic (60 nM, NC) or inhibitor (100 nM, Anti-miR-C) was used as a control. (**C**) Pancreatic cancer cells were infected with control or miR-367-expressing lentiviral vector. The expression levels of Smad7 mRNA and protein were evaluated using qRT--PCR and western blot analysis, respectively. (**D**) Pancreatic cancer cells were transiently transfected with anti-miR-367 inhibitor or anti-miR-C (NC). Twenty-four hours later, the expression levels of Smad7 mRNA and protein were evaluated using qRT--PCR and western blot analysis, respectively. Student\'s *t*-test was used to analyse the statistical significance of differences between groups. (**E**) The correlation between miR-367 and Smad7 mRNA expressions in pancreatic cancer biopsies obtained from pancreatic cancer patients (*n*=10) was evaluated using Spearman\'s correlation analysis.](bjc2015102f1){#fig1}

![**miR-367 downregulated Smad7 expression by directly targeting its 3′-UTR.** (**A**) The sequences on Smad7 3′-UTR for potential binding with miR-367 were aligned among human (*H. sapiens*), chimpanzee (*P. troglodytes*), mouse (*M. musculus*), rat (*R. norvegicus*), and dog (*C. familiaris*). Seed sequences were highlighted and underlined. (**B**) A human Smad7 3′-UTR fragment containing the wild-type or mutant miR-367-binding sequence was cloned downstream to the luciferase reporter gene. (**C**) HEK293 and PANC-1 cells were co-transfected with the negative control (NC) or miR-367 mimics and the luciferase reporter construct containing the wild-type or mutant Smad7 3′-UTR. For each experiment, the results were normalised to the luciferase activity detected in the cells transfected with the control vector. The luciferase activity of the control vector was set to 1. NS, not significant. Statistical significance was evaluated using Student\'s *t*-test.](bjc2015102f2){#fig2}

![**miR-367 expression correlated with the prognosis of PDAC.** (**A**) Kaplan--Meier survival analysis of PDAC patients grouped by the expression levels of miR-367. The expression levels of mature miR-367 were evaluated by TaqMan real-time qPCR, and the median value of all 65 cases was defined as the cutoff value classified 65 tumour cases into low expression (*n*=33) and high expression of miR-367 (*n*=32). (**B**) The correlation between the expressions of Smad7 and miR-367 was assessed in 65 PDAC patients. Smad7 protein expression was evaluated by immunohistochemistry ([@bib33]). Statistical analysis of the difference in miR-367 levels between Smad7(−) and Smad7(+) samples was conducted using ANOVA test.](bjc2015102f3){#fig3}

![**miR-367 promoted the invasion and metastasis of pancreatic cancer cells.** (**A**) Migration and (**B**) invasion assays were performed using control lentiviral vector-infected or miR-367 vector-infected PANC-1 and BxPC3 cells. The number of cells that passed through the membrane was counted in 10 fields under the × 20 objective lens, original magnification ( × 200). The results obtained from three independent experiments were presented as the mean±s.d. of values. (**C**) Migration and invasion assays were performed using negative control (anti-miR-C) or anti-miR-367 inhibitor-transfected PANC-1 cells. The results obtained from three independent experiments were presented as the mean±s.d. of values. (**D**) Impact of miR-367 on tumour metastasis *in vivo*. Eight weeks after spleen injection of control vector-infected or miR-367 vector-infected cells, the mice were killed, and the livers were dissected. Representative livers from NOD/SCID mice were shown. H&E staining was performed on sections of metastatic tumours and normal liver tissues. Arrows represent the metastatic nodules, original magnification ( × 200). Tumour metastases were quantified by counting the number of metastatic colonies in one histological section of the midportion of liver specimen from mice. The ratio of the metastatic area to the total area was determined in histological sections from the midportion of each liver (7 per group). Student\'s *t*-test was used to analyse the statistical significance of the differences between groups.](bjc2015102f4){#fig4}

![**Smad7 mediated the invasion-promotion function of miR-367 in pancreatic cancer cells.** (**A**) Migration and invasion assays of pancreatic cancer cells transfected with Smad7 siRNA. The expression level of Smad7 protein 24 h after transfection was evaluated by western blot analysis. The number of cells that passed through the membrane was counted in 10 fields under the × 20 objective lens, original magnification ( × 200). The results obtained from three independent experiments were presented as the mean±s.d. of values. (**B**) Migration and invasion assays of control vector-expressing and miR-367-expressing PANC1 cells transfected with a control vector or a Smad7-expressing vector that contained the entire coding sequence of Smad7 but lacked the 3′-UTR. The expression level of Smad7 protein was evaluated by western blot analysis. The number of cells that passed through the membrane was counted in 10 fields under the × 20 objective lens, original magnification ( × 200). The results obtained from three independent experiments were presented as the mean±s.d. of values. (**C**) Migration and invasion assays of PANC1 cells co-transfected with anti-miR-367 and siSmad7. Smad7 protein levels were evaluated by western blot analysis. The number of cells that invaded through the membrane was counted in 10 fields under the × 20 objective lens., original magnification, × 200. The results were presented as the mean±s.d. of values obtained from three independent experiments.](bjc2015102f5){#fig5}

![**miR-367 promoted EMT by increasing TGF-*β*-induced transcriptional activity.** (**A**) Control lentiviral vector-infected or miR-367 vector-infected PANC-1 cells were uninduced or induced by TGF-*β*1 (200 pM) for 1 h. Whole-cell extracts were analysed by western blot analysis using antibodies against Smad2, Smad3, Smad4, and phosphorylated Smad2/3. GAPDH was used as a loading control. (**B**) Control vector-expressing and miR-367-expressing cells were co-transfected with a Smad7-expressing vector that contained the entire coding sequence of Smad7 but lacked the 3′-UTR and a TGF-*β* responsive luciferase reporter, p3TP. TGF-*β*-induced luciferase activity was measured. The results obtained from three independent experiments were presented as the mean±s.d. of values. (**C**) BxPC3 cells were stained to detect E-cadherin and vimentin (green). Cell nuclei were counterstained with DAPI, original magnification ( × 200). The morphology of cells was shown by phase-contrast images (ph.con.). Total protein was extracted, and the expressions of E-cadherin, vimentin, a-SMA, and desmin were evaluated by western blot analysis. GAPDH was used as a loading control.](bjc2015102f6){#fig6}
